Abstract: Colloidal InP quantum wires are grown by the solution-liquid-solid (SLS) method, and passivated with the traditional quantum dots surfactants 1-hexadecylamine and tri-n-octylphosphine oxide. The size dependence of the band gaps in the wires are determined from the absorption spectra, and compared to other experimental results for InP quantum dots and wires, and to the predictions of theory. The photoluminescence behavior of the wires is also investigated. Efforts to enhance photoluminescence efficiencies through photochemical etching in the presence of HF result only in photochemical thinning or photo-oxidation, without a significant influence on quantum-wire photoluminescence. However, photo-oxidation produces residual dot and rod domains within the wires, which are luminescent. The results establish that the quantum-wire band gaps are weakly influenced by the nature of the surface passivation, and that colloidal quantum wires have intrinsically low photoluminescence efficiencies. † Current address: Stanford
Introduction
The motivation for this study was to determine if InP quantum wires having optimal surface passivation would exhibit the well-resolved absorption and emission spectra, and high photoluminescence (PL) quantum yields, that have been achieved with InP quantum dots. 1, 2 Therefore, a detailed analysis of the band gaps and PL behavior exhibited by InP quantum wires is provided. We describe efforts to enhance quantum-wire PL by photochemical etching with HF, which has proven successful for InP quantum dots. 1, 2 We show that with InP quantum wires the method affords only photochemical wire thinning or photo-oxidation. The PL enhancements ultimately obtained are due to residual quantum-dot and quantum-rod domains left in the wires after photo-oxidation. The results highlight the intrinsic difficulties in obtaining efficient PL from colloidal semiconductor quantum wires.
Additionally, the InP quantum-wire band gaps, determined spectroscopically, are compared to the results of various theoretical analyses, and to previous experimental values for InP quantum dots and wires. The emergence of anisotropic colloidal quantum nanostructures, such as rods, wires, and tetrapods, have prompted current interest in the shape dependence of quantum confinement; that is, in how quantum confinement scales with the geometric dimensionality of confinement. However, systematic physical studies of quantum confinement in anisotropic nanostructures are limited, because specimens having narrow size distributions over a range of appropriate sizes have become available only recently. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Thus, the general lack of quantitative experimental comparisons of corresponding sets of quantum wells, wires, rods, and dots has been due to a lack of appropriate high-quality specimens.
Because of such synthetic limitations, little is currently known experimentally about confinement effects in colloidal quantum wires. 14, 15, 19 To our knowledge, the possible influences of synthetic method and surface ligation on the electronic structures of quantum wires have not been investigated.
Furthermore, only a few quantitative estimations of PL efficiencies in quantum wires have been reported. [20] [21] [22] We have recently advanced a rudimentary physical model suggesting how the confinement effects in dots, wells, and wires should compare, 14 but this model has not been thoroughly experimentally tested.
The work described herein provides a useful characterization of two-dimensional (2D) quantum confinement in semiconductor quantum wires. Our results establish that PL efficiencies in colloidal quantum wires are inherently low, and that the surface passivation can influence quantum-wire band gaps to a small but experimentally significant extent.
Experimental section
Materials. The precursor tris(trimethylsilyl)phosphine (P(SiMe 3 ) 3 ) was prepared by a literature method. 23 Stock solutions of P(SiMe 3 ) 3 (containing 0.40-0.42 mmol P(SiMe 3 ) 3 / mL polydecene) were prepared and stored in a refrigerator for later use. Stock solutions of Bi catalyst nanoparticles (containing 0.04 mmol Bi atoms/g solution) were prepared as described previously; 15 the detailed synthesis of a variety of sizes will be reported elsewhere. Tri-n-octylphosphine (TOP, 90%), di-noctylamine (DOA, 98%), 1-hexadecylamine (HDA, 90%), tri-n-octylphosphine oxide (TOPO, 90%), and hydrogenated poly(1-decene) were purchased from Aldrich. HDA and TOPO were vacuum distilled at 200°C; the other reagents were used as received. were diluted with polydecene to 0.5 mL, and the vial was septum capped. The P(SiMe 3 ) 3 stock solution (0.5 mL) and the Bi-nanoparticle-polydecene mixture were loaded into the same 3-mL syringe. The reaction mixture in the Schlenk tube was degassed under vacuum (10 -3 torr) at ~100 °C for 5 min, and then inserted into a preheated salt bath (NaNO 3 /KNO 3 , 46:54 by weight), held at a desired temperature (240-330 °C; see Table 1 ). The tube was allowed to equilibrate for 1-2 min, and then the P(SiMe 3 ) 3 -Binanoparticle mixture was quickly injected into the tube. The color of the reaction mixture immediately turned red and finally to reddish brown (3-4 min). The reaction tube was withdrawn from the bath at 10 or 15 min after the injection and allowed to cool to room temperature. Black precipitates were observed in the mixtures, which were shown to be the InP quantum wires.
The black InP quantum-wire precipitate was isolated from the partially solidified reaction mixture by adding toluene (ca. 5 mL) and isopropanol (ca. 5 mL) to the mixture, followed by centrifugation of the mixture and decanting of the supernatant. The quantum wires were purified by redispersion in a mixture of toluene (ca. 2mL) and isopropanol (ca. 4 mL) upon sonication in a cleaning bath, followed by centrifugation and decanting the supernatant. One such redispersion-centrifugation purification cycle was generally sufficient to prepare quantum-wire specimens for absorption spectroscopy. Two redispersion-centrifugation purification cycles produced cleaner specimens for TEM analyses. After purification the InP quantum wires could be redispersed in pure toluene to form uniform and optically clear light-brown solutions for spectroscopic and TEM analyses. After a few hours the quantum wires began to reprecipitate from the toluene dispersions; however, they were easily redispersed by gentle shaking. The UV-visible spectra showed no changes after such samples were allowed to stand for two weeks in capped cuvettes.
The percent yield of wires was estimated from a representative synthesis employing 0.21 mmol of P(SiMe 3 ) 3 as the limiting reagent and 10.2-nm Bi nanoparticles, which produced 6-nm-diameter wires. The wires were isolated and purified as described above, and dried under vacuum (1 h) to yield 12 mg. The amount of InP in the isolated solid was calculated to be 8 mg (0.06 mmol) by assuming that capping ligands were attached only to surface In atoms, that every surface In atom was bound to one ligand, equal numbers of surface In and P atoms, and the measured ratio of surface ligands (see
Recovery and characterization of ligands on the surface of InP quantum wires in the Supporting
Information). Consequently the yield was estimated at 30%. Thicker wires (~10-nm diameters) usually gave higher yields, whereas thinner wires (~5-nm diameters) gave lower yields. and combined with n-butanol (6-9 mL), isooctane (3 mL), and TOPO (200-500 mg, 0.5-1.3 mmol). The HF stock solution (0.4-1.2 mL) was then added with stirring, and the mixture was exposed to room light (4-12 h) or the filtered tungsten lamp (6-68 h). In some cases, additional aliquots of reagents were added at later times after spectroscopic monitoring. The precise quantities of reagents and illumination periods used in each experiment are recorded in Table 2 (Supporting Information). The thinned wires were isolated from the reaction mixture by addition of CH 3 CN (5 mL), followed by centrifugation and decanting of the supernatant. The isolated wires were redispersed in toluene for subsequent spectroscopic and TEM analyses.
Photochemical etching of
Photo-oxidation of InP wires by photochemical etching. Photo-oxidation of InP wires occurred by HF etching under a 300-W xenon lamp. The lamp was equipped with a long-pass filter having a cutoff wavelength of 700 nm, as above. InP wires (0.06 mmol) were dispersed in a mixture of n-butanol (9 mL), isooctane (3 mL), toluene (3 mL), and TOPO (300-500 mg, 0.8-1.3 mmol). The HF stock solution (0.5-1.2 mL) was then added with stirring, and the mixture was exposed to the filtered xenon lamp (6-210 h). The precise quantities of reagents and illumination periods used in each experiment are recorded in Figure 5c . Aliquots (1-2 mL) of the reaction solution were removed at various time intervals for spectroscopic monitoring. The photo-oxidized wires were isolated from the reaction mixture by addition of CH 3 CN (1 mL), followed by centrifugation and decanting of the supernatant. The isolated wires were redispersed in toluene for subsequent spectroscopic and TEM analyses.
As control experiments, etching under room light or in darkness was carried out similarly. InP wires were also etched by tetrabutylammonium fluoride analogously to the above procedure (see Figure   S21 , Supporting Information).
In a separate set of aging experiments (Figure 8 ), InP quantum wires were HF-photo-oxidized under the filtered xenon lamp (as described above), isolated and purified, redispersed in toluene under air in borosilicate tubes, and then exposed to room light. Spectroscopic measurements were made every several days.
Results

Synthesis.
Our previous synthesis of InP quantum wires used a non-commercially available single-source precursor and a large amount of polymer stabilizer, 14 both of which generated inconveniences. Here we report a simpler SLS synthesis, affording InP quantum wires passivated by traditional quantum-dot surfactants (eq 1; see the Experimental Section for abbreviation definitions).
The experimental conditions, such as the precursor ratio and the amounts and identities of the various surfactants employed, required careful optimization for production of the best-quality quantum wires, as discussed below (see Table 1 , Supporting Information).
240-330 °C, polydecene solvent
Bi nanoparticles HDA, TOPO, TOP, OPA, DOA In(myristate) 3 + P(SiMe 3 ) 3 InP quantum wires (1) The In(myr) 3 /P(SiMe 3 ) 3 ratio determined the phase purity of the InP wires. When the indium precursor was used in large excess (In/P ratio = 1.6-2.4), the wires were contaminated with crystalline (cubic) In 2 O 3 as a major impurity component. The formation of In 2 O 3 may have been due in part to adventitious water, as its quantity was reduced by the use of distilled TOPO and HDA. However, this oxide component was eliminated by using In/P precursor ratios of less than 1.4. The optimal In/P precursor ratio was found to be in the range of 1.1-1.3.
The surfactants HDA and OPA were essential to the production of InP wires with high yield and high quality. HDA enhanced the crystallinity of the wires, and promoted the formation of narrow however, as noted above the surfactant selection was also influential. Thinner wires (d < 5 nm)
exhibited lengths of 50-500 nm, and typically were kinked. Thicker wires exhibited lengths of up to 10 μm, and were much straighter. Analysis of SAED patterns established that the wire long axes were oriented along the [111] direction of the zinc-blende crystal structure. Apart from kinks and stacking faults, which were observed to be prevalent in the thinner and thicker wires, respectively, the quantum wires exhibited near single-crystal character.
As described previously, the best results were obtained by using a surfactant mixture that included HDA, TOPO, TOP, and OPA. An analysis was undertaken to determine the actual surface coverage of the quantum wires after growth. A purified quantum-wire specimen was digested in acid, and the liberated surfactant molecules were extracted for mass-spectrometric analysis. The HDA/TOPO/myr surfactant ratio in the recovered mixture was found to be 15/1/4, which compares fairly closely to the ratio of 14/4/5 employed in the synthetic precursors. In this analysis, the surfactants TOP and OPA were not found. Thus, HDA was the predominant surfactant stabilizing the wires.
Although OPA is a strongly binding surfactant, 7 it was used in small amounts relative to HDA, TOPO, and myristate, and was apparently displaced by the other surfactants.
The absorption and emission properties of the wires, and their correlations with the band gaps, passivation, and structural features of the wires are discussed in subsequent sections. TEM images of the wires ( shown in Fig. 2a . The lowest-energy excitonic features were extracted by background fitting and subtraction as previously described (see also the Supporting Information). 14 Each backgroundsubtracted peak (Fig. 2b ) was fit with a Guassian function, and the center of the fit (ranging from λ = 747-835 nm) was taken to be the band gap of the wire specimen ( Band-gap data for the as-synthesized InP quantum wires passivated with traditional quantumdots surfactants (HDA, TOPO, and TOP), photochemically thinned InP wires, previously synthesized polymer-passivated InP wires, and InP quantum dots are compared in Fig. 3 . The data are plotted as ΔE g , the increase in the band gap above the bulk value, vs. d
, the inverse-square of the dot or wire diameter, in accord with a previously proposed model. 14 In this model, the size dependences of the band gaps for dots and wires are estimated by calculating the kinetic confinement energies of electron-hole pairs using simple particle-in-a-box expressions for infinitely long cylinders, and spheres. 14 The model predicts that the ΔE g -vs.
-d -2 plots should be linear, with A wire :A dot slope ratios of 0.585. 14 The dot and wire data in Fig. 3a are well fit linearly, as previously reported. 14 The three sets of wire data plot very closely together. Only a small offset is evident between the band gaps determined for the polymer-and surfactant-passivated wires, which presumably reflects a small difference in the confinement potential imparted by the differing surface passivation in the two cases. The slope ratios calculated are A wire :A dot = 0.66 ± 0.03 for the surfactant-passivated wires, and A wire :A dot = 0.62 ± 0.03 for the polymer-passivated wires, both of which are close to the theoretical prediction of A wire :A dot = 0.585.
A slope was not determined from the data for the HF-thinned wires (green squares in Fig. 3 ) because the diameter range was insufficient to allow reliable fitting.
The theoretical model referred to above is quite rudimentary, and assumes the effective-mass approximation, including parabolic band shapes and bulk (size-independent) effective masses, and infinite potential barriers at the dot or wire surfaces. Furthermore, this effective-mass-approximation, particle-in-box (EMA-PIB) model ignores the Coulombic attraction between excitonic electron-hole partners. Although the experimental ΔE g -vs.-d -2 slope ratios are close to the predicted value, the absolute dot and wire slopes observed experimentally and predicted by the model (not shown) are far from agreement, as EMA-PIB models are known to overestimate quantum-confined band gaps. 27, 28 Additionally, the experimental Fig.3a lines do not extrapolate through the origin as they should, consistent with the disappearance of quantum-confinement at large dot or wire diameters.
Consequently, the InP quantum-wire band gaps have been investigated at higher levels of theory.
We previously reported calculation of InP quantum-wire band gaps by the semiempirical psuedopotential method (SEPM). 14 By that approach, band-gaps were calculated for several specific diameters in the range of 2.5-8.6 nm, and the results were fit with the expression ΔE g = Ad -n , yielding values of A SEPM = 2.49 ± 0.09 eV nm 1.45 and n SEPM = 1.45 ± 0.03. This fitted curve is plotted vs. d -2 in Fig. 3b .
Subsequently, Wang and Li reported the determination of quantum-dot and quantum-wire band gaps using density functional theory under the local-density approximation by implementing a chargepatching method (DFT-LDA-CPM), 29 which affords ab-initio results at slightly greater computational cost than the SEPM. For the present work, band-gaps were calculated for several specific InP quantumwire diameters in the range of 2.3-8.2 nm using the DFT-LDA-CPM. As above, these results were fit with the expression ΔE g = Ad -n , yielding values of A DFT = 2.37 ± 0.06 eV nm 1.34 and n DFT = 1.34 ± 0.02. Monitoring of the absorption spectra of InP quantum wires during photochemical etching with the more-intense light source indicated a gradual blue shift of the first excitonic feature (Fig. 4a) , consistent with wire thinning (see above). The feature eventually broadened and was no longer resolvable. During this process a peak emerged in the PL spectrum of the etched samples. Figure 4b compares the absorption and emission spectra of a photochemically etched sample prior to the disappearance of the first excitonic feature in the absorption spectrum. Interestingly, the emission feature is blue-shifted from the absorption feature in an apparent "inverse" Stokes shift, which is nonphysical. The results established that the primary absorbing and emitting entities were not the same. Figure 5 shows that the PL from the wire samples increased with increasing photochemicaletching time. Furthermore, the first emission feature that emerged near 1.7 eV was progressively blue shifted. At later times, a second emission feature emerged near 1.9 eV, which was also progressively blue shifted. Significantly, these features did not appear in the region expected for emission from InP quantum wires having the expected diameters of 4.5-6.5 nm (< 1.6 eV), but rather were consistent with emission from quantum rods (1.7 eV) and dots (1.9 eV) having approximate diameters of 4 and 3 nm, respectively (see Table 3 , Supporting Information). The results suggested a process that, while thinning the wires, was also transforming them into progressively smaller rod and then dot domains, which were responsible for the PL observed.
Insight into the nature of this transformation was gained from TEM images of the photochemically etched wires (Fig. 6) . The wiry morphology of the nanostructures remained intact, and in many regions they retained long, wire-like segments of crystalline InP (see the dark wire in the middle of Fig. 6b ). However, in other regions the wiry structures contained dark rod-and dot-sized nanocrystals of crystalline InP embedded in an amorphous matrix. The crystalline (dark) and amorphous (light) regions of the nanostructures were distinguished by electron diffraction in the TEM.
(The amorphous regions were susceptible to electron-beam damage.) Consequently, the photochemical etching converted large segments of the InP quantum wires into amorphous domains containing small residual islands of crystalline InP.
The effective diameters of the wires were monitored by TEM as a function of etching time under the most-aggressive photochemical-etching conditions. While an initial blue shift in the absorption edge suggested initial wire thinning (see above and Fig. 4a ), the TEM results established that the wire diameters actually increased with etching time (Fig. 7) . These increases occurred concomitantly with the process generating the amorphous wire domains, suggesting a partial chemical conversion of the wires affording a new amorphous phase or phases. We will argue below that this chemical reaction is a photo-oxidation of InP to a phosphate or phosphates.
As noted above, the effective PL from the wires increased with etching time, as the emitting rod and dot domains were generated (Fig. 5a, c, d ). In a separate series of experiments, InP quantum wires were photochemically etched for fixed periods of 14-48 h, and then isolated from the etching mixture.
The wires were then redispersed in toluene and allowed to stand under room light (and air). As shown in Fig. 8 , the PL from these isolated wires continued to increase with time, but without additional blue shifting. The results suggested that upon removal of HF the sizes of the emitting domains were no longer changing, but that the interface between the amorphous matrix and the emitting domains was rearranging in some manner that reduced the numbers of trap sites contributing to the nonradiative relaxation of photogenerated carriers.
We next sought to identify the amorphous matrix generated by the photochemical-etching process. Figure 9 contains In 3d and P 2p core-level x-ray photoelectron spectra (XPS) collected from the photochemically etched wires. The data were obtained with a sampling depth of ca. 5 nm, which is a significant fraction of the mean wire diameter. Both the In 3d and P 2p spectra were well fit as a mixture of InP and indium phosphate, InPO 4 , or metaphosphate, In(PO 3 ) 3 . 30 The In 3d and P 2p binding energies reported for InPO 4 and In(PO 3 ) 3 are very close, such that they cannot be distinguished by the peak position. However, the XPS data give a ratio between oxidized indium and phosphorus of almost unity, suggesting that InPO 4 is predominant (see Table 5 Analysis by infrared (IR) spectroscopy was undertaken to provide further support for the above assignment. Figure 10 contains IR spectra for InP nanowires before and after HF photo-oxidation.
These spectra were compared to those of the ligands potentially present, myristate, HDA, and TOPO, and to those of the independently obtained candidate phases InF 3 (indium trifluoride), crystalline InPO 4 ⋅2H 2 O, and amorphous InPO 4 . A reasonably strong correlation was evident between the spectra for the photo-oxidized nanowires and the independently prepared phosphate phases. The phosphate group has a characteristic broad absorption in the range of 940-1120 cm -1 . 31 A corresponding feature in the spectrum of the photo-oxidized wires extends over the broader range of 900-1300 cm -1 . However, the metaphosphate In(PO 3 ) 3 exhibits a broad absorption over the range of 1240-1320 cm -1 , and a lowerenergy feature at 640-790 cm -1 . 32 Consequently, the IR spectrum of the photo-oxidized wires is consistent with a mixture of indium phosphate and metaphosphate phases, with some contribution by capping ligands.
Discussion
We have been conducting systematic studies of the diameter dependence of the band gap in semiconductor quantum wires for comparison to the related dependences in corresponding sets of quantum dots, rods, and wells. To date we have published two such studies, which investigated the quantum-confinement effects in InP 14 and CdSe 15 quantum wires. We also explicitly acknowledge the related studies of InP quantum wires having larger diameters (d = 10-50 nm) by Lieber and coworkers, 19 the results of which are complementary to and consistent with those reported here. The goal of our work is to establish experimentally how the shape of a colloidal quantum nanostructure influences quantum confinement and its size dependence.
In drawing comparisons between corresponding sets of dots, rods, wires, and wells, the confinement potential is implicitly assumed to depend primarily on the size and shape of the nanostructure, and not significantly upon the surface ligands and passivation. Studies of variously passivated quantum dots have demonstrated only a small effect of surface ligation on the band gap. 33, 34 However, the influence of surface ligation on quantum confinement in quantum wires has not to our knowledge been previously investigated. In this work a small but significant effect of surface ligation on the confinement potential was observed. ) between these two sets of wires, depending on diameter. These differences are larger than the estimated error of 10 meV in the measurement of ΔE g , and are therefore small but significant.
The precise origin of the small surface-ligation effect on ΔE g is unknown, but presumably reflects delocalization of electron and/or hole wave functions, to varying degrees, outside the semiconductor core of the wires and into the ligand shell or environment. 35 Consequently, the assumption of an infinite potential barrier at the semiconductor-nanostructure surface often employed in theoretical calculations is not completely valid, although a reasonable approximation. Figure 3b shows that our experimental ΔE g values compare closely to the predictions of SEPM and DFT-LDA-CPM calculations, suggesting that we have successfully extracted the positions of the first excitonic features, and thus properly measured the band gaps, in the InP quantum wires.
In corresponding sets of equally passivated semiconductor quantum dots, rods, and wires, the PL efficiencies should be highest in the dots, and lowest in the wires. Quantum-dot surface passivation has now advanced to routinely afford specimens having PL quantum yields of ≥ 60%. By comparison, the PL quantum yields in quantum rods, typically ranging from 15-30%, 9, 12 are respectable but lower than those in dots. Banin and coworkers have shown that PL efficiencies in quantum rods decrease with increasing rod length, and have argued that relaxation of the third confinement dimension in rods allows the electron and hole wave functions to relax apart, leading to a lower probability of radiative recombination. 11, 13 In quantum wires, the third dimension of confinement vanishes completely, allowing photogenerated electrons and holes to diffuse to some extent along the wire length, increasing the probability they will encounter surface-trapping defects and recombine nonradiatively.
Consequently, PL efficiencies should be lowest in semiconductor quantum wires, and measurements to date have indicated ensemble quantum yields in wires of only 0.1-2%. [20] [21] [22] As described above, the InP quantum wires as-synthesized gave no detectable room-temperature PL. We attempted to enhance the PL using the HF-etching method first described by Mićić, Nozik, and coworkers. 2 This method was further developed and implemented photochemically by Talapin and coworkers, which was shown to very effectively enhance the PL of InP quantum dots from initial quantum yields of 0.1-0.3% to 20-40%. 1 Irradiation intensities lower than those used by Talapin induced only photochemical thinning of the wires, without enhancement of PL. Irradiation intensities similar to those used by Talapin induced a photo-oxidation that degraded the wire nanostructures to leave residual, embedded, luminescent, rod and dot domains. Consequently, quantum-wire luminescence was not achieved.
These findings identify an interesting contrast in surface-etching procedures for quantum dots and wires. Surface etching of dots may lead to decreases in dot diameters, but will not affect the confinement dimensionality. Quantum dots are 3D confined before and after surface-etching procedures that enhance PL. In contrast, etching procedures conducted on quantum wires may increase the confinement dimensionality, from 2D to anisotropic and then roughly isotropic 3D confinement.
Our results differ from those described by van Vugt and coworkers, 22 who previously studied HF photoetching of InP nanowires having large diameters (d = 30-60 nm), far outside the quantumconfinement regime. The PL quantum yields of these large-diameter wires were reported to be 0.01-1.0% in their initial, as-synthesized state. Irradiation in the presence of HF produced PL enhancements of on the order of 10-fold. Interestingly, the wires exhibited blue-shifted luminescence both before and after photochemical surface re-passivation, with greater blue shifts after. These blue shifts were attributed to exciton interactions with surface charges or dipoles. As the magnitudes of the blue shifts were comparatively small, they are unlikely due to photochemical generation of dot and rod domains, as we observed. Thus, larger-diameter nanowires, as expected, will be less susceptible to the dimensionality changes that can occur upon etching of small-diameter, quantum wires.
Conclusion
PL efficiencies in quantum wires are intrinsically lower than those in quantum dots and rods because of the reduced confinement dimensionality. Surface-etching strategies that raise PL efficiencies in dots will be more difficult to apply successfully to wires, as they can induce changes in confinement dimensionality by transforming wires into rods and dots. Consequently, increasing the low PL Table 1 in the Supporting Information); which in some cases produced separate quantum-wire specimens having the same diameters. Table 4 in the Supporting Information. 
